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Abstract. We review two approaches to x-ray lasing using ultra-short pulse
(USP) driving lasers in which ionization of the lasant is not via electron
collisions. In one approach, the large electric field of the laser beam ionizes a
column of plasma along the laser axis. Both linear polarization, with subsequent
recombination lasing, and circular polarization, with collisional excitation lasing,
can be used. For either type of polarization, ionization induced refraction can
limit the lasing length. We review recent experiments and theoretical calculations
on ionization induced refraction and on the electron distribution following field
ionization. Lasing has been observed with both types of pumping with the
collisional variation having the largest gain-length product and the recombination
variation having the shortest wavelength. We discuss various ideas to improve
the gain coefficient of field ionized x-ray lasers. Another two-step approach to x-
ray lasing with USP lasers involves the x-ray photoionization of inner-shell
electrons. The first step is to produce a pulse of incoherent x rays with a very
rapid rise time by heating a high-Z material with an USP laser. In the second
step, a low energy filter removes x rays that can only ionize outer-shell electrons
and the remaining x rays primarily ionize inner-shell electrons. This approach
has not been demonstrated at x-ray wavelengths but modeling shows that lasing
at 45 Å is possible with existing USP lasers and that lasing down to 15 Å should
be possible with planned USP laser drivers.

1. Introduction

There is an increasing interest in using USP laser to pump x-ray lasers with three major
approaches being considered. The first approach uses field ionization, the second uses inner-
shell photoionization, and the third uses collisional ionization. In the last approach, peak gain
occurs early in the ionization process when the abundance of the lasing ions, e.g., Ne- or Ni-
like ions. As the plasma passes through this ionization stage, the electron temperature and the
gain coefficient are much higher than that of steady state. There are target design issues
associated with refraction and having a narrow gain region that need to be resolved for this
approach. In this paper, we will restrict our attention to the first two approaches using USP
laser drivers. Through the use of chirped-pulse amplification, high intensity USP lasers can
be built which operate at high repetition rates [1,2]. This is an advantage of using USP lasers



as drivers for x-ray lasers because the high repetition rates (10 Hz to 1 kHz) lead to high
average powers for the x-ray lasers.

The first approach utilizes the high intensity of USP lasers with corresponding large
electric fields that can remove electrons from an atom very rapidly. The energy of the ionized
electrons depends on their binding energy and the wavelength and pulse shape of the ionizing
laser. However, the largest effect on the ionized electron distribution is the polarization of the
laser. It was predicted that the use of linear polarization would lead to cold electrons that
would rapidly recombine [3,4]. In the first demonstration of recombination lasing following
field ionization in H-like Li at 135 Å [5], there remains a question of which ionization method
is responsible for the removal of the outer electron. It has been proposed that in the formation
of the vapor, the Li plasma does not fully recombine and thus the USP laser pulse is incident
on singly ionized Li with cold surrounding electrons [6]. Lasing has been observed at 135 Å
in H-like Li at two other laboratories, but in all cases the gain-length product has been
relatively small [7,8]. There has also been observation of lasing in C- and N-like O at 374
and 617 Å, respectively, with also a small gain-length [9]. In some of these experiments, it
appears that ionization induced refraction is limiting the lasing length and thus the gain-length
product that can be obtained. A high-gain length product (gL = 11) has been observed
following field ionization at 418 Å in Xe [10]. In this case, circularly polarized light was
used. This experiment has not been repeated at another laboratory nor at another wavelength.
At the density for which this collisional Xe laser operates, ionization induced refraction is not
a serious problem. However, when this scheme is extended to shorter wavelengths which
require higher densities, refraction will become a problem. We will discuss the field ionized
approach in more detail in the following section.

In all demonstrated x-ray lasers, the lasing transition is between two energy levels
associated with an outer electron of a relatively highly ionized ion. In contrast, the inner-shell
approach obtains x-ray wavelengths in a singly ionized ion. A large energy efficiency
advantage is obtained by not having to remove a large number of outer electrons. However,
this advantage is lost because the majority of inner-shell ionizations result in an Auger non-
radiative transition. This approach was proposed many years ago [11], but only with the
advent of USP lasers does it appear that the problem of collisional ionization of outer-shell
electrons may be solved. Recent modeling efforts started with a study of lasing in Ne at 15 Å
[12-14]. This wavelength is of particular interest because it is significantly shorter than what
has been obtained using other approaches. However, the predicted energy requirements for
Ne of at least 10 J is significantly more than has been obtained at the required short pulse
duration of order 20 fs. The desire to use existing laser capabilities has motivated modeling in
C with lasing at 45 Å [15-17]. To obtain sufficient gain-length product to give clear evidence
of lasing in C requires an USP laser with an energy of order 1 J in a 45 fs pulse [18]. With
such a short pulse, a traveling wave with a very uniform wavefront must be used. The
duration of inner-shell lasing is usually calculated to be less than 100 fs which is an
advantage for many applications.

In the next section we review optical-field ionization x-ray laser schemes and in the
following section inner-shell ionization x-ray laser schemes. In the last section, we
summarize the use of these approaches using USP lasers and give some prospects for future
developments.



2. Optical-field ionization x-ray laser schemes

Since the last conference in this series [19], the largest breakthrough in optical-field ionized
schemes was the demonstration of a large gain-length product in Xe at Stanford University
using a circularly polarized USP laser [10]. Using an energy per pulse of only 70 mJ, lasing
was observed in Pd-like Xe at 418 Å with a gain-length product of 11 and a repetition rate of
10 Hz. Prior modeling, by the same group, for Ar, Kr, and Xe predicted highest gain
coefficients for Xe [20]. The measured gain coefficient is significantly less than predicted
with a possible reason being the loss of hot electrons out of the plasma channel, which was
not included in the modeling. In contrast to standard collisional excitation schemes, it may
prove difficult to reach short wavelengths with this field ionization approach. As the energies
of the ionized electrons are increased, by using higher intensity laser pulses, they stay in the
ionized channel for a shorter time making collisional excitation more difficult. In addition, to
reach short wavelengths one needs not only higher energy electrons but also higher ion and
electron densities. At these higher densities, ionization induced refraction becomes a problem
as well. Despite these potential problems in scaling the collisional field-ionized approach to
short wavelengths, this demonstration of table-top lasing is very exciting.

The first demonstration of lasing using field ionization was H-like Li at 135 Å at
RIKIN in Japan with the upper-laser state being populated by recombination [5]. Similar
observations of lasing in H-like Li were made at other laboratories [7,8]. These early
observations motivated significant theoretical and experimental research on field-ionized
schemes, in particular, schemes based on recombination. The two areas of primary interest
are ionization induced refraction and electron temperature following ionization. In addition to
these H-like Li experiments, there was also observation of lasing in C- and N-like O at 374
and 617 Å respectively [9]. As was the case in Li, there was observation of a large gain
coefficient (g > 10/cm), but only a small gain-length product of order 1. (For H-like Li, the
gain-length products were of order 4.) For one of the H-like Li experiments [7]. there has
been modeling of ionization induced refraction that predicts a limiting of lasing length and
thus a reason for the modest gain-length product [21]. Following a short discussion of
refraction, we discuss the issue of the electron distribution following ionization, and ideas to
increase the gain for field-ionized schemes.

For field ionized x-ray laser experiments in O and Li, the USP laser is focused onto a
gas jet or a similar structure, e.g., a laser evaporated gas. The experiment in Xe used a gas
cell with pinholes to define the lasing length. In all cases, the laser has maximum intensity on
axis and thus one has maximum electron density on axis following ionization. For the case of
static field where the laser passes through the gas during focusing, there are theoretical
arguments that predict a limiting intensity and thus electron density that can be obtain because
of refraction [21]. For gases with a rapid decrease in density at the edge, such as gas jets,
one can have focusing in vacuum and high laser intensities incident on the gas. This can give
much higher electron densities than can be obtained using a static fill. For x-ray laser
applications, it is critical to have high electron density over a significant length to obtain a
larger gain-length product. A model that self-consistently evolves the laser radiation as it
ionizes the gas predicts that the lasing length for the H-like experiments done at Berkeley is
1.2 mm [21]. In the experiment, faster than linear growth was observed only for lengths less
than 1.5 mm, which is consistent with the modeling [7]. The same modeling code was used
to calculate transmitted energy through Al vapor with good agreement with observations



[22]. In another study of ionization-induced refraction, small scale breakup of the laser was
observed in addition to whole beam defocusing [23]. One way to reduce the effects of
refraction is to use very large focal spots. However, this requires significantly more laser
energy. The needed energy can be reduced by considering ions that require less intensity,
e.g., Li-like N [21,24]. Initial experiments have been tried in Li-like N with no evidence of
lasing [25]. Another way to avoid ionization induced refraction is to form a plasma channel.
Plasma channeling has been observed with the laser intensity remaining high over long
lengths [26]. It has not been demonstrated that the conditions necessary for lasing are
achieved inside of the plasma channel.

There have been a significant number of theoretical and experimental efforts to
understand the electron distribution following ionization. For the case of a Li plasma, there is
a conjecture that gain is enhanced because of a two temperature plasma. One idea for the
origin of a cold component is that the Li is singly ionized when the USP laser pulse field
ionizes the remaining two electrons [6]. The electrons that are already ionized could have
significantly less energy than what they would have if they had been field ionized. However,
modeling places limits on the effectiveness of the cold component [27]. For the experiments
in O and the proposed ones in N, the electrons are expected to be all field ionized.
Calculations show that the energy of the ionized electrons, using a linearly polarized laser,
can depend on the rise time of the ionizing pulse [28]. A slow rise in the pulse minimizes ATI
heating and a rapid fall minimizes inverse brehmsstrahlung. Modeling is in reasonable
agreement with experiments [29,30]. Experiments have clearly shown that the electron
distributions can be non-Maxwellian [29]. Existing atomic kinetic modeling codes will have
to be adapted to include such electron distributions in the calculation of gain coefficients for
field ionized x-ray lasers. Extending the recombination variation to short wavelengths has
been shown to be difficult because of stimulated Raman scattering at the required high
intensities [30,31].

There have been a number of ideas proposed to increase the gain coefficient of field
ionized x-ray lasers. Because most recombination schemes lase down to the ground state, to
achieve short wavelengths, the lasing self-terminates as the ground state is filled because
there is negligible emptying of the state. There has been modeling to show the benefit of the
removal of ground-state electrons during lasing via a broadband ionizing radiation field [32].
A rather complicated scheme has been proposed where an electron is excited to a high
Rydberg state prior to ionization by the USP laser [33]. If this electron is not ionized, as they
suggest because of stabilization, and can be induced to a lower state by a secondary laser,
one can create a large population inversion between this state and the ground state. One can
also try to lase between states where the degeneracy of the lower-laser state is significantly
larger than the upper-laser state [9,34]. It would be a major advance for the recombination
variation to achieve a gain-length product of order 10 and it is possible that some of these
ideas will aid in that goal.

3. Inner-shell ionization x-ray laser schemes

X-ray lasing is possible following very rapid inner-shell ionization. The majority of the
photoelectrons and all of the Auger electrons have sufficient energy to ionize outer electrons.
For the schemes considered here, the ionization of an outer electron from a neutral atom
directly populates the lower-laser level. The time required to significantly populate the lower-



laser level depends on the ion density and the electron energy distribution. If the density is
decreased too much, as a way to slow down the collision time, the gain coefficients become
too small. For densities approximately one thousandths of solid density, reasonable gain
coefficients are calculated provided the ionization is sufficiently rapid (t < 50 fs). The need
for an USP driving lasers enters in the requirement to have an incoherent pulse of x rays with
enough energy to ionize inner-shell electrons and with a rapid rise time. When a high-Z
material is heated rapidly by an USP laser, it can produce such a pulse of x rays. High
intensity is also required because the pulse must be intense enough to compete with the very
rapid non-radiative Auger decay of the upper-laser level. The incoherent x rays need to pass
through a filter to remove photons with less energy than that required to ionize inner-shell
electrons. These low energy photons, if not filtered out, would ionize outer-shell electrons
and provide an additional mechanism for populating the lower-laser state.

Modeling efforts have concentrated on lasing in Ne at 15 Å and in C at 45 Å [11-18].
With a sufficient source of ionizing x rays, this scheme based on K-shell ionization can be
extended down to approximately 5 Å. For present and planned USP lasers, the wavelength
range between 15 and 45 Å is of primary interest. Details of target design and gain calculation
for C are presented in another paper in these proceedings and we will only summarize the
results [18]. The modeling shows that the creation a sufficient gain-length product to give
clear evidence of lasing in C requires an USP laser with an energy of order 1 J in a 45 fs
pulse. A modest increase in the gain coefficient by 50% is calculated if the same energy is
delivered in a 15 fs pulse. Little benefit is found for pulses shorter than 15 fs which is
approximately the time required for a high Z material, e.g., Au, to become sufficiently
ionized to produce the desired x rays. The duration of lasing using a 45 fs driving pulse is 60
fs. For many applications of coherent and incoherent x rays having a duration less than 100
fs is important to resolve the dynamics of interest. Energy requirements for Ne are a least an
order of magnitude higher. The good news is that USP petawatt lasers (20 J in 20 fs) are
planned and should become available in a few years [35,36]. In contrast to field ionized
schemes, inner-shell schemes require side pumping using a line focus as is the case for
conventional x-ray lasers. The short duration of lasing means that a traveling wave excitation
is required and given that in 20 fs light only travels 6 microns, it will be necessary to have a
very uniform wavefront.

4. Summary and future prospects

For field ionized schemes, the biggest advance in the last two years was the demonstration of
a large gain-length product in Xe at 418 Å using a circularly polarized USP laser with only
70 mJ per pulse and a 10 Hz repetition rate. The observation of recombination lasing in O at
374 and 617 Å was also very interesting. However, achieving a large gain-length product at
reasonable short wavelengths (λ < 200 Å) has not yet been demonstrated. It should also be
noted that for wavelengths longer than 100 Å, the use of USP lasers to produce high
harmonic emission is a very competitive source of coherent x rays. The difficulty of
achieving significant emission via harmonics for short wavelengths (λ < 50 Å) is one reason
that inner-shell schemes are being considered more seriously. One reason that inner-shell
schemes have not been tested extensively is the relatively complex design consisting of a high
Z material to produce x rays, a low Z material to filter low energy photons, and a low density
lasant. However, the prospects for inner-shell lasing in the near future appear to be good



given the major advances expected in the USP driving lasers. In particular lasing around 45 Å

should be possible very soon. The number of laboratories having USP lasers with powers in
excess of a terawatt is rapidly increasing. Thus, the future prospects for lasing based on
optical-field and inner-shell ionization appears to be very good.

This work was performed under the auspices of the U. S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.

References

[1] D. Strickland and G. Mourou, Opt. Comm. 56, 219 (1985).
[2] M. D. Perry and G. Mourou, Science 264, 398 (1994).
[3]  N. H. Burnett and G. D. Enright, IEEE J. Quantum Electron. QE-26, 1797 (1990).
[4]  D. C. Eder, P. Amendt, and S. C. Wilks, Phys. Rev. A 45, 6761 (1992).
[5] Y. Nagata, K. Midorikawa, M. Obara, H. Tashiro, and K. Toyoda, Phys. Rev. Lett.

71, 3774 (1993).
[6] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, and K. Toyoda, and

Y. Kato, Phys. Rev. A 51, 1415 (1995).
[7] D. C. Eder, P. Amendt, L. B. DaSilva, R. A. London, B. J. MacGowan, D. L.

Matthews, B. M. Penetrante, M. D. Rosen, S. C. Wilks, T. D. Donnelly, R. W.
Falcone, and G. L. Strobel, Phys. Plasmas 1, 1744 (1994).

[8] K. M. Krushelnick, W. Tighe, and S. Suckewer, J. Opt. Soc. B 13, 306 (1996).
[9] B. N. Chichkov, A. Egbert, H. Eichmann, C. Momma, S. Nolte, and B.

Wellegehausen, Phys. Rev. A 52, 1629 (1995).
[10] B. E. Lemoff, G. Y. Yin, C. L. Gordon III, C. P. J. Barty, and S. E. Harris, Phys.

Rev. Lett. 74, 1574 (1995).
[11] M. A. Duguay and P. M. Rentzepis, Appl. Phys. Lett. 10, 350 (1967).
[12] H. Kapteyn, Appl. Opt. 31, 4931 (1992).
[13] G. L. Strobel, D. C. Eder, R. A. London, M. D. Rosen, R. W. Falcone, and S. P.

Gordon, SPIE Proceedings, Conference on Short-Pulse High-Intensity Lasers and
Applications, LA, edited by H. A. Baldis (SPIE, Bellingham, WA, 1993), Vol. 1860,
p. 157.

[14] G. L. Strobel, D. C. Eder, and P. Amendt, Appl. Phys. B 58, 45 (1994).
[15] S. J. Moon, D. C. Eder, and G. L. Strobel, Proceedings of the 4th International

Colloquium on X-Ray Lasers, Williamsberg, VA, May 1994, edited by D. C. Eder and
D. L. Matthews (AIP, New York) p. 262.

[16] S. J. Moon and D. C. Eder, SPIE Proceedings, Soft X-Ray Lasers and Applications,
edited by J. J. Rocca and P. L. Hagelstein (SPIE, Bellingham, WA, 1995), Vol. 2520,
p. 80.

[17] S. B. Healy and G. J. Pert, these proceedings.
[18] S. J. Moon and D. C. Eder, these proceedings.
[19] Proceedings of the 4th International Colloquium on X-Ray Lasers, Williamsberg, VA,

May 1994, edited by D. C. Eder and D. L. Matthews (AIP, New York).
[20] B. E. Lemoff, C. P. J. Barty, and S. E. Harris, Opt. Lett. 19, 569 (1994).
[21] C. D. Decker, D. C. Eder, and R. A. London, Phys. Plasmas 3, 414 (1996).



[22] P. R. Bolton, A. B. Bullock, C. D. Decker, M. D. Feit, A. J. P. Megofna, P. E.
Young, and D. N. Fittiinghoff, J. Opt. Soc. B 13, 336 (1996).

[23] A. J. Mackinnon, M. Borghesi, A. Iwase, M. W. Jones, G. J. Pert, S. Rae, K.
Burnett, and O. Willi, Phys. Rev. Lett. 76, 1473 (1996).

[24] P. Amendt, D. C. Eder, R. A. London, B. M. Penetrante, and M. D. Rosen, SPIE
Proceedings, Conference on Short-Pulse High-Intensity Lasers and Applications, LA,
edited by H. A. Baldis (SPIE, Bellingham, WA, 1993), Vol. 1860, p. 140.

[25] M. H. Key, et al., these proceedings.
[26] C. G. Durfee III and H. M. Milchberg, Phys. Rev. Lett. 71, 2409 (1993).
[27] T. D. Donnelly, L. DaSilva, R. W. Lee, S. Mrowka, M. Hofer, and R. W. Falcone, J.

Opt. Soc. B 13, 185 (1996).
[28] K. A. Janulewicz, M. J. Grout, and G. J. Pert, J. of Phys. B 29, 901 (1996).
[29] T. E. Glover, J. K. Crane, M. D. Perry, R. W. Lee, and R. W. Falcone, Phys. Rev.

Lett. 75, 445 (1995).
[30]  W. J. Blyth, S. G. Preston, A. A. Offenberger, M. H. Key, J. S. Wark, Z.

Najmudin, A. Modena, A. Dajaoui, and A. E. Dangor, Phys. Rev. Lett. 74, 554
(1995).

[31] S. C. Wilks, W. L. kruer, E. A. Williams, P. Amendt, and D. C. Eder, Phys. Plasmas
2, 274 (1995).

[32] J. P. Apruzese and D, Umstadter, J. Opt. Soc. B 13, 443 (1996).
[33] R. B. Vrijen, and L. D. Noordam, J. Opt. Soc. B 13, 189 (1996).
[34] B. N. Chichkov, H. Eichmann, S. Meyer, C. Momma, S. Nolte, and B.

Wellegehausen, these proceedings.
[35] C. P. J. Barty, these proceedings.
[36] T. Arisawa, these proceedings.


